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Mutant huntingtin induces iron overload 
via up‑regulating IRP1 in Huntington’s disease
Li Niu1, Cuifang Ye1,2*, Yun Sun1, Ting Peng1,2,3, Shiming Yang1, Weixi Wang1 and He Li1,2,3*

Abstract 

Background:  Iron accumulation in basal ganglia accompanies neuronal loss in Huntington’s disease (HD) patients 
and mouse disease models. Disruption of HD brain iron homeostasis occurs before the onset of clinical signs. There-
fore, investigating the mechanism of iron accumulation is essential to understanding its role in disease pathogenesis.

Methods:  N171-82Q HD transgenic mice brain iron was detected by using Diaminobenzidine-enhanced Perls’ stain. 
Iron homeostatic proteins including iron response protein 1 (IRP1), transferrin (Tf ), ferritin and transferrin receptor 
(TfR) were determined by using western blotting and immunohistochemistry, and their relative expression levels of 
RNA were measured by RT-PCR in both N171-82Q HD transgenic mice and HEK293 cells expressing N-terminal of 
huntingtin.

Results:  Iron was increased in striatum and cortex of N171-82Q HD transgenic mice. Analysis of iron homeostatic 
proteins revealed increased expression of IRP1, Tf, ferritin and TfR in N171-82Q mice striatum and cortex. The same 
results were obtained in HEK293 cells expressing N-terminal of mutant huntingtin containing 160 CAG repeats.

Conclusion:  We conclude that mutant huntingtin may cause abnormal iron homeostatic pathways by increasing 
IRP1 expression in Huntington’s disease, suggesting potential therapeutic target.

Keywords:  Huntington’s disease, Iron, Iron response protein 1, Transferrin receptor, Transferrin, Ferritin

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Huntington’s disease (HD) is an autosomal dominant 
neurodegenerative disease caused by a pathological 
expansion of CAG repeats (> 36) in the first exon of the 
gene encoding huntingtin [1]. Striatum and cerebral cor-
tex of HD patients undergo gradual degeneration starting 
several years before clinical onset [2]. Mutant hunting-
tin (mHTT) leads to multiple detrimental outcomes 
including abnormal gene transcription [3–6], oxidative 
stress [7], mitochondrial dysfunction [8], altered calcium 
homeostasis [9]. Additionally, iron overload might con-
tribute to HD onset [10–12]. Iron accumulation natu-
rally occurs in all aging mammals, and it is involved in 
cognitive and motor dysfunction in the elderly [13]. 

Iron is increased in the neurodegenerative brain areas 
in HD, and iron homeostasis is disrupted in the disease 
[10, 14, 15]. Disruption of brain iron homeostasis in HD 
patients occurs before the onset of clinical signs [15, 16] 
which suggests that iron is closely involved in the mHTT-
induced pathological cascade [17, 18].

In mammals, cellular iron homoeostasis is largely coor-
dinated at the post-transcriptional level through the 
action of two cytoplasmic iron regulatory proteins (IRP1 
and IRP2). They are RNA binding proteins that respond 
to cellular iron levels and post-transcriptionally bind to 
mRNA stem loop structures known as iron-responsive 
elements (IREs) based on cellular iron concentrations. 
IRPs function by binding to IREs in the mRNAs that code 
for ferritin and transferrin receptor (TfR) [19–21]. TfR is 
an important protein that facilitates receptor-mediated 
endocytosis of the iron carrying proteins transferrin (Tf) 
[19, 21]. Tf is the main extracellular iron carrier, with two 
binding sites for ferrous iron. Iron-Tf/TfR is internal-
ized by receptor-mediated endocytosis and trafficked to 
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endosomes, where iron is liberated from Tf to leave the 
endosome. Imported iron is used directly, incorporated 
into heme or Fe-S clusters, or stored in ferritin. When 
cellular iron is deficient, IRPs will bind IREs on ferritin 
mRNAs to block translation of this iron storage protein, 
and TfR mRNAs are stabilized to promote iron uptake. 
Conversely, in iron surfeit, ferritin mRNAs are actively 
translated to store excess iron, and mRNAs encoding 
iron import-related proteins are degraded [17]. Cells can 
regulate their iron content by the IRE/IRPs homeostatic 
mechanism [17]. Although both IRP1 and IRP2 bind con-
sensus IREs with high affinity [22], their regulation model 
is different. The regulation of IRP2 activity is mediated by 
iron-induced degradation of the protein [19, 22]. In con-
trast to IPR2, IRP1 is stable and its function as an RNA-
binding protein is determined by the reversible assembly 
of Fe-S cluster [19]. When cells are iron-replete, IRP2 
is rapidly degraded by the ubiquitin proteasome and is 
therefore not able to bind IREs [20, 22], whereas IRP1, 
though still present, no longer play a function of an RNA 
binding protein [21]. Remarkably, a single IRP, IRP1, can 
regulates expression of both ferritin and the TfR in vivo 
[21].

It has been reported that several iron homeostatic pro-
teins including IRP1 and IRP2 contribute to neurodegen-
erative disease processes [14, 23]. Huntingtin knockdown 
in zebra fish results in an iron deficiency phenotype dur-
ing development [24], and deletion of the huntingtin gene 
increases significantly the expression of iron uptake pro-
tein TfR [24], suggesting that huntingtin is implicated 
in iron homeostasis. Given that iron does not interact 
with N-terminal huntingtin fragments, the most active 
region of the protein [25, 26], we presume that mHTT 
affects iron level by disrupting iron homeostatic path-
ways. To test the hypothesis, we examined iron content 
in the N171-82Q mice brain and effects of mHTT on 
iron homeostatic modulatory machinery. We found that 
iron is increased in the striatum and cortex of N171-82Q 
mice, and mHTT up-regulates the expressing of IRP1, Tf 
and TfR. The study provides a sight for additional thera-
peutic options targeted iron homeostasis in HD.

Methods
Mouse husbandry
B6C3-Tg (HD82Gln) 81Dbo/J (N171-HD82Q) HD trans-
genic mice were obtained from Jackson Laboratories. 
The HD mice express a cDNA encoding a 171 amino acid 
N-terminal fragment of huntingtin containing 82 CAG 
(Q) repeats. Wild-type (WT) littermates were used as 
controls. Tails snips were obtained at the age of 4 weeks 
and mice were genotyped by PCR. Hemizygosity for the 
HD transgene were determined according to the Jackson 
Laboratories protocol. The mice had free access to food 

and water and were maintained under standard condi-
tions with a 12-hour dark–light cycle at stable tempera-
ture (23–25  °C). All mouse experiments were approved 
by the Institutional Animal Care and Use Committee of 
Tongji Medical College, Huazhong University of Science 
and Technology, and performed in compliance with the 
National Institutes of Health Guide for the Care and Use 
of Laboratory Animals.

Cell culture and transfection
Human Embryonic Kidney 293 (HEK293) cells were 
maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum 
(GIBCO, Australia), 100 units/ml streptomycin, and 
100  μg/ml penicillin in a humidified incubator at 37  °C 
under 5% CO2 and 95% air. Once they reached 90–95% 
confluence, 1 × 105 cells/well was planted into 6-well 
plates. After 24 h, they were transiently transfected with 
plasmids using Lipofectamine TM 2000 (Invitrogen). At 
6 h after transfection, the media was replaced with fresh 
culture medium according to the Lipofectamine TM 
2000 protocol. The pEGFP-exon-1 HTT with 20 CAG 
repeats (20Q) and 160 CAG repeats (160Q) plasmid were 
produced in our library.

Diaminobenzidine (DAB)‑enhanced Perls’ stain
Mice were deeply anesthetized with pentobarbital 
sodium intraperitoneal injection (40-45  mg/kg body 
weight) and perfused transcardially with saline followed 
by 4% paraformaldehyde in 150  ml 0.1  M PBS. Their 
brains were carefully removed and further post-fixed 
with the same fixatives for 8 h at 4 °C. The samples were 
immersed in 30% sucrose at 4 °C for 12 h and sectioned 
at 30 μm using a freezing microtome.

For the Diaminobenzidine (DAB)-enhanced Perls’ 
stain, the brain sections from 12-week-old N171-82Q 
mice and control WT mice (n = 3 for each) were treated 
with a mixture of 5% HCl and 5% potassium ferrocyanide 
(1:1, V:V) for 30 min. After rinsing in deionized water for 
30  min, sections were incubated in 0.5% DAB in Tris–
HCl buffer (pH 8.0) for 20 min, then rinsed in deionized 
water for 5  min, dehydrated in graded alcohols, cleared 
in xylene and mounted. Images were taken on a Nikon 
microscope (Digital Camera DXM 1200).

Immunohistochemistry
For immunohistochemical analysis of Tf, TfR, ferritin and 
IRP1, free-floating sections from 12-, 14- and 16-week-
old N171-82Q mice (n = 3 at each age) and age-matched 
WT mice (n = 3 at each age) were immersed in a mixture 
of 3% hydrogen peroxide (H2O2) and 0.3% TritonX-100 
for 20  min to block endogenous peroxidase activity, 
and were pre-incubated with 3% bovine serum albumin 
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(BSA) to reduce non-specific staining. The sections 
were incubated overnight at 4  °C with polyclonal rabbit 
antibodies against Tf, TfR, ferritin and IRP1 (all at dilu-
tion 1:200, Proteintech) in BSA with 2% goat serum and 
0.3% TritonX-100. After 24 h, the sections were washed 
twice with 0.01 M PBS then incubated with biotinylated 
anti-rabbit IgG diluted 1:200 (Jackson ImmunoResearch 
Laboratories) and avidin–biotin complex for 2 h at room 
temperature (RT). The sections were washed twice with 
0.01 M PBS again, and then incubated in 0.02% diamin-
obenzidine (DAB, Sigma-Aldrich) and 0.005% hydrogen 
peroxide in 0.05  M Tris–HCl buffer for 10  min at RT. 
Images were taken on a Nikon microscope (Digital Cam-
era DXM 1200).

Western blotting
Striatum and cortex from 12-, 14- and 16-week-old 
N171-82Q mice (n = 4 at each age) and age-matched 
WT mice (n = 4 at each age) and HEK293 cells at differ-
ent time after transfection (n = 4 at each time interval) 
were homogenized in an ice-cold lysis buffer containing 
50  mM Tris (pH 8.0), 150  mM NaCl, 1% TritonX-100, 
protease inhibitor cocktail (Sigma-Aldrich) and 100 mg/
ml phenylmethylsulfonyl fluoride (PMSF). The homoge-
nate was centrifuged at 12,000g for 30 min at 4  °C. The 
extracted proteins were separated on 10% SDS–poly-
acrylamide gels and transferred onto nitrocellulose filter 
membranes (Amersham Biosciences UK Limited) in an 
electrotransfer device (90  V, 90  min). The membranes 
were then blocked in 5% nonfat milk in 0.01 M PBS for 
1 h and incubated in primary antibody overnight at 4 °C 
at the following dilutions: Tf (1:1000), TfR (1:1000), fer-
ritin (1:1000), IRP1 (1:1000) and GAPDH (1:5000, Sigma-
Aldrich). The membranes were then washed with 5% 
nonfat milk and immersed in the horseradish peroxi-
dase-conjugated secondary antibody for 2  h at RT with 
constant agitation. The immunoreactive bands were visu-
alized by exposure to an enhanced chemiluminescence 
(ECL) kit (Thermo Fisher Scientific).

RT‑PCR
Striatum and cortex from 12-, 14- and 16-week-old 
N171-82Q mice (n = 4 at each age) and age-matched WT 
mice (n = 4 at each age) and HEK293 cells at different 
time after transfection (n = 4 at each time interval) were 
used for RT-PCR. Total RNA from different sample was 
obtained with Trizol reagent (Invitrogen). Tf, TfR, ferri-
tin and IRP1 mRNA expression was amplified by reverse-
transcription polymerase chain reaction and β-actin 
mRNA was taken as an internal control.

The following PCR conditions were used: 94  °C for 
3 min; 30 cycles of denaturing at 94 °C for 30 s, annealing 
for 30 s, extension at 72 °C for 45 s, and a final extension 
at 72  °C for 3  min. Photos of the amplified genes were 
taken after agarose gel (2%) electrophoresis. The primers 
and amplification used in the PCRs are listed in Table 1.

Statistical analysis
All images were analyzed by using the Image-pro Plus 
6.0 Image analysis software. Data were represented as 
mean ± SEM from three or four independent experi-
ments. Statistical analyses were performed using SPSS 
Statistics 17.0 software for one-way ANVOA followed by 
the Student t test. Differences were considered significant 
if p < 0.05.

Results
The N171‑82Q mice exhibits a higher iron level in the brain
First, we explored the effect of mHTT on iron levels in 
the brain of N171-82Q mice by using DAB-enhanced 
Perls’ stain, the most commonly used histochemical tech-
nique for detecting iron. Under these condition ferric 
ion deposits are stained brown. In the 12-week-old WT 
mice, faint iron staining was observed in the striatum 
(Fig.  1a). In contrast, the age-matched N171-82Q mice 
striatum exhibited higher Perls’ staining (Fig. 1b, e). Simi-
lar results were observed in the cortex (Fig.  1c–e), sug-
gesting mHTT induces a substantial increase in the brain 
iron level.

Table 1  Primers, amplicon size and annealing temperature of Tf, TfR, Ferritin, IRP1 and β-actin for RT-PCR

Name Primer sequences Amplicon  
size (bp)

Annealing 
temperature 
(°C)Forward Reverse

β-actin GTC​GTA​CCA​CAG​GCA​TTG​TGA​TGG​ GCA​ATG​CCT​GGG​TAC​ATG​GTGG​ 492 58/63

β-actin TTT​CCA​GCC​TTC​CTT​CTT​GGG​TAT​G ATA​GAG​GTC​TTT​ACG​GAT​GTC​AAC​G 100 58/63

Tf AAA​CGG​TCA​AAT​GGT​GCG​ CTC​CGA​CAG​CTT​ACA​GAA​GAGC​ 413 58

TfR TCC​CGA​GGG​TTA​TGT​GGC​ GGC​GGA​AAC​TGA​GTA​TGA​TTGA​ 324 58

Ferritin TTT​GAC​CGA​GAT​GAT​GTG​ TCA​GTA​GCC​AGT​TTG​TGC​ 248 58

IRP1 GAC​ATC​GTG​CTC​ACC​ATT​ACCAA​ TGA​AAT​CTC​GAA​ACA​TGC​CTACA​ 265 58
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IRP1 expression increases in the cortex and striatum 
of N171‑82Q mice and 160Q HEK293 cells
Iron homeostasis is tightly controlled by IRPs. IRP1 is the 
most abundant isoform that can bind to mRNAs bear-
ing IREs and decrease expression of iron-related proteins 
such as TfR and ferritin [27, 28]. Previous studies indi-
cated that mHTT interferences various genes expres-
sion [4–6]. Thus, we first examined the expression of 
IRP1 in N171-82Q HD mice brain. Immunohistochemis-
try staining showed that IRP1, stained brown and black 
in the nucleus, exhibited denser immunoreactivities in 
the 12-week-old N171-82Q mice cortex (Fig.  2b, e) and 
striatum (Fig. 2d, e), whereas age-matched WT mice dis-
played only weak immunoreactivities in the same brain 
regions (Fig. 2a, c).

Further, by using western blot and RT-PCR, we found 
that IRP1 protein and mRNA levels in both cortex and 
striatum were higher in 12 to 16  weeks old N171-82Q 
mice compared to age-matched WT controls (Figs. 3a, b, 
4a, b).

We next examined IRP1 expression in HEK293 cells 
expressing N-terminal of huntingtin containing 160 pol-
yglutamine (160Q HEK293 cells) or 20 polyglutamine 
(20Q HEK293 cells). Consistent with the findings in the 
N171-82Q mice, we identified a significant increase in 
IRP1 protein and mRNA levels in 160Q cells compared to 
20Q cells (Figs. 3c, 4c).

When iron is deleted in the cell, IRP1 will function in 
its IRE-binding role to prevent initiation of ferritin trans-
lation and inhibit degradation of the TfR transcript [19]. 
Here, the N171-82Q HD mice, though iron overloaded, 
displayed a higher expression of IRP1. These results indi-
cated that the increased IRP1 expression in N171-82Q 
mice and 160Q HEK293 cells might be one factor to iron 
accumulation.

mHTT up‑regulates the expression of TfR, Tf and ferritin 
in the N171‑82Q mice and 160Q HEK293 cells
Iron uptake is predominantly mediated via the TfR/Tf 
system. To examine whether increased IRP1 affects the 
expression of proteins responsible for iron import and 
storage, we analyzed TfR, Tf and ferritin expression in 
N171-82Q mice and age-matched WT mice. By immuno-
histochemistry, TfR and ferritin immunoreactivities were 
detected in the 12-week-old N171-82Q mice brain. TfR 
immunoreactivity was noticeably increased in the HD 
mice striatum and cortex compared with the correspond-
ing control WT mice (Fig.  5a, b, e), suggesting elevated 
iron uptake might result from up-regulated IRP1 and TfR 

Fig. 1  Irons levels increase in striatum and cortex of N171-82Q mice. 
a–d Irons levels were detected in striatum and cortex of 12-week-old 
N171-82Q HD transgenic (TG) mice and age-matched wild type 
(WT) mice by DAB-enhanced Perls’ stain. a2–d2 respectively are the 
amplified images of squared areas in a1–d1. Arrowheads show iron 
deposition. Bar in a1–d1 is 100 μm, and bar in a2–d2 is 25 μm. e 
Integrated optical density measurement shows the difference in iron 
staining. Compared to age-matched WT mice, the iron levels increase 
in striatum and cortex of TG mice. n = 3. *p < 0.05 compared to WT 
mice
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in the N171-82Q mice. Surprisingly, the iron storage pro-
tein ferritin was not reduced but increased in the N171-
82Q mice striatum and cortex (Fig. 5c–e).

We further detected the protein and mRNA expression 
of TfR, Tf and ferritin in the HD mice by using western 
blot and RT-PCR. The N171-82Q mice at 12-, 14- and 
16-weeks old exhibited increased protein expression 
and mRNA level of TfR and ferritin in both striatum and 
cortex compared to age-matched WT controls (Figs. 6a, 
b, 7a, b). It is noteworthy that Tf, the iron carrying pro-
tein, presents extracellular and not directly regulated by 
neuronal IRP1, was also found to be increased in protein 
(Fig. 6a, b) and mRNA (Fig. 7a, b) level.

Additionally, we examined the expression of Tf, TfR 
and ferritin in cultured cell lines. Consistently, there was 
a significant increase in the protein levels (Fig.  6c) and 
mRNA levels (Fig.  7c) of Tf, TfR, and ferritin in 160Q 
HEK293 cells compared to 20Q HEK293 cells. These 
results suggest that mHTT might disturb iron homeosta-
sis by affecting the expression of iron regulation proteins 
including IRP1 and Tf. Overloaded iron thus could trig-
ger compensatory changes in ferritin expression.

Discussion
Iron in the brain presents two types, heme iron and 
non-heme iron. The latter mainly including iron stored 
in ferritin and hemosiderin. Previous MRI studies have 
suggested that increased iron in the striatum could be a 
causal factor of the symptoms of HD [15, 16]. Imaging 
technique has significant potential limitations. Changes 
in the water content can affect the imaging measure-
ments [29] and mask the changes in iron content [30, 
31]. Here, we used DAB enhanced Perls’ stain to assess 
iron content in N171-82Q mice brain. The technique can 
enhance the signal from the standard Perls’ stain, which 
is a histochemistry method to detect non-heme iron. The 
ferric ferrocyanide product can be intensified by allow-
ing it to catalyze the oxidation of DAB in the presence of 
hydrogen peroxide [32]. We found that the 12-week-old 
N171-82Q mice displayed intense iron staining in stria-
tum and cortex, although they had not shown any HD 
symptoms yet. In initial stages of HD, there is gradual 
progressive degeneration of the striatopallidal white mat-
ter projections, resulting in compromised connectivity 
between the striatum, globus pallidus (GP), and substan-
tia nigra (SN). Neurons also progressively degenerate in 
the cortex, hypothalamus, and hippocampus; specifically 
the large pyramidal projection neurons are selectively 
lost, resulting in atrophy throughout the entire brain by 
late-stage HD [33]. Iron accumulation in striatum and 
cortex of the N171-82Q mice could aggravate the toxic-
ity of mHTT to accelerate disease progression. Normally, 
iron accumulation occurs in the basal ganglia of all aging 
mammals, which is linked to cognitive and motor dys-
function in the elderly [13, 34, 35]. Here, the N171-82Q 
mice showed iron overload since their youth, indicating 

Fig. 2  The N171-82Q mice displays dense IRP1-immunoreactivities 
in striatum and cortex. a–d IRP1 expression was detected in cortex 
and striatum of 12-week-old TG mice and age-matched WT mice 
by immunohistochemistry. a2–d2, respectively are the amplified 
images of squared areas in a1–d1. Arrowheads show positive IRP1 
staining. Bar in a1–d1 is 100 μm, and bar in a2–d2 is 25 μm. e 
Integrated optical density measurement shows the difference in 
IRP1 immunoreactivity whose expression is significantly increased in 
cortex and striatum of TG mice. n = 3. *p < 0.05 compared to WT mice
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that iron deposition may be one factor to cause motor 
and cognitive dysfunction in HD. Iron overload is often 
suggested being a major cause of oxidative stress in neu-
rons [17]. In HD, mHTT leads to an increased produc-
tion of reactive oxygen species (ROS) [7, 36, 37]. Iron 
has potential interactions with mHTT-induced oxida-
tive stress in HD. Aggregates formed by mHTT have also 
been reported to be iron-dependent centers of oxidative 
stress [18]. Several studies indicated that iron chelator 
plays a role in reducing cytotoxicity of mHTT, suggest-
ing iron accumulation could contribute to HD onset. 
Treatment of the metal-binding compound clioquinol 
improves HD pathology and ameliorate symptoms in 
R6/2 mice [38]. Iron chelator deferoxamine-treated R6/2 
mice showed gradual improvement in behavioral dete-
rioration [14]. Deferoxamine-treatment decreases the 
oxidation of oxidative stress probes in HD cell lines [18]. 
Therefore, further analysis would be important to reveal 
the mechanisms of iron homeostasis disruption in HD.

Abnormal accumulation of brain iron might result 
from various compounding factors in neurodegenerative 
diseases including Alzheimer’s, Parkinson’s and neurode-
generation with brain iron accumulation (NBIA) diseases 
[39–41]. Here, our results indicate that iron accumula-
tion might be related to disruption of iron homeostasis 
regulatory machinery in HD mice. Iron homeostasis is 
strictly controlled by a series of regulators. IRP1, a key 
protein responsible for cellular iron homeostasis, regu-
lates the translations of the mRNAs of proteins involved 
in iron storage, influx, and efflux [27, 28]. TfR contain 
IREs in the 3′-UTR of mRNA, and thus IRP1 can con-
trol the expression of iron transport in the cell by binding 
to IREs and inhibiting degradation of the TfR transcript 
[19, 21]. In the N171-82Q mice and 160Q HEK293, both 
IRP1 and TfR are up-regulated in protein and mRNA 
levels, which might be an important factor to iron over-
load. Consistent with our findings, Trettel et al. reported 
the activity of iron pathway is dramatically elevated in 

Fig. 3  IRP1 protein level is increased in both N171-82Q mice brain and 160Q HEK293 cells. a1–c1 IRP1 protein expression was detected by Western 
blotting both in the brain of TG mice (a1 cortex; b1 striatum) and in 160Q HEK293 cells (c1). a2–c2 Quantitative representation of IRP1 band 
intensity normalized to GAPDH. IRP1 protein level is increased both in TG mice brain and in 160Q HEK293 cells compared to controls. n = 4. *, 
p < 0.05 compared to WT mice, or 20Q HEK293 cells
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cultured striatum cells expressing mHTT. These cells 
display dominant high TfR protein level and increased 
uptake of Tf [42]. Nonetheless, Chen et al. reported the 
decreased levels of IRP1, IRP2, and TfR in 12-week-old 
R6/2 HD mice, which is a compensatory response to 
iron accumulation in the brain [14]. Both R6/2 mice and 
N171-82Q HD mice exhibit progressive motor and cog-
nitive deficits, weight loss, mHTT inclusion formation 
and striatal atrophy accompanied by ventricular enlarge-
ment, but no loss of medium spiny neurons (MSNs) 
[43]. However, they show some differences in pathology 
including age of onset and life span and metabolism [44, 
45]. R6/2 mice express an N-terminal fragment (exon-1 
only) of the human HD gene with 150 CAG repeats and 
develop a progressive neurological disorder with features 

similar with juvenile onset HD [46]. R6/2 mice develop 
loss of body and brain weight at 6  weeks, and develop 
motor dysfunction at 9–11  weeks-of-age, and die at 
around 100  days-of-age [46]. In contrast to R6/2 mice, 
N171-82Q mice, expressing a cDNA encoding a 171 
amino acid N-terminal fragment of huntingtin contain-
ing 82 CAG repeats [47], have a more delayed disease 
onset and longer survival, with the phenotype begin-
ning at about 90 days-of-age and average death at around 
135 days-of-age [47, 48]. N171-82Q mice also show selec-
tive striatal pathology, unlike the R6/2 mice where the 
striatum and cortex are equally affected [44]. The length 
of CAG repeat is clearly one of the most important vari-
ables that affect pathology and progression of the pheno-
type in different HD mouse models, although it is by no 

Fig. 4  IRP1 mRNA level is increased in both N171-82Q mice brain and 160Q HEK293 cells. a1–c1 IRP1 mRNA level was detected by RT-PCR both in 
the brain of TG mice (a1 cortex; b1 striatum) and in 160Q HEK293 cells (c1). a2–c2 Quantitative representation of IRP1 band intensity normalized to 
β-actin. IRP1 mRNA level is increased both in TG mice brain and in 160Q HEK293 cells compared to controls. n = 4. *p < 0.05 compared to WT mice, 
or 20Q HEK293 cells
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means the only important variable [44, 45]. In our work, 
12-week-old N171-82Q mice displayed higher expres-
sion of IRP1, though they had not shown any phenotype. 
However, 12-week-old R6/2 mice, being at the time of 
late-stage disease in HD littermates, had a lower level of 

IRP1 [14]. Thus, we hold the idea that CAG repeat length 
differences in progression of the phenotype might affect 
outcomes.

In the present study, notably, we also found that the 
expression of Tf, without IREs in its mRNA, is elevated 

Fig. 5  The striatum and cortex of N171-82Q mice display dense TfR and ferritin immunoreactivities. a–d The expression of TfR (a and b) and ferritin 
(c, d) was detected by immunohistochemistry in striatum and cortex of 12-week-old TG mice and age-matched WT mice. a2–d2, respectively are 
the amplified images of squared areas in a1–d1. a4–d4, respectively are the amplified images of squared areas in a3–d3. Arrowheads show positive 
TfR, and ferritin. Bar in a1, a3, b1, b3, c1, c3, d1 and d3 is 100 μm, and bar in a2, a4, b2, b4, c2, c4, d2 and d4 is 25 μm. e1, e2 Integrated optical 
density measurement shows that both TfR and ferritin immunoreactivities are increased in the TG mice compared to WT mice. n = 3. *p < 0.05 
compared to WT mice
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in N171-82Q mice. Accordant results were observed in 
160Q HEK293 cells. These data support our hypoth-
esis that mHTT increases brain iron level by disrupt-
ing iron homeostatic pathways. In the plasma, iron is 
transported by Tf. To enter the central nervous system, 
iron must cross the blood–brain barrier and the blood–
cerebrospinal fluid barrier with the help of TfR on the 
luminal surface of the capillary endothelial cells. Iron 
in the endothelia by endocytosis is then released to 
the brain interstitial fluid, where iron is mainly incor-
porated with Tf [49]. Afterwards, neurons can import 
iron by endocytosis of Tf-TfR complex [50]. As the 
ligand of TfR, Tf gene expression in the brain is not 
affected by iron [51], but rather is controlled by tran-
scriptional mechanism. Some transcriptional factors 

including C/EBP, CRI-BP (central region I binding 
protein) and COUP-TF (chicken ovalbumin upstream 
promoter transcription factor) regulate the expression 
of Tf in neurons [52]. C/EBP and CRI-BP play a posi-
tive regulator function and COUP-TF acts as a repres-
sor [52]. In the present work, the mechanism of IRP1 
and Tf expression up-regulation induced by mHTT is 
still unknown. Dysregulation of various transcription 
factors induced by mHTT is also involved in the HD 
pathological process [4–6]. Mutant huntingtin alters 
expression of many genes through the interaction with 
several transcriptional factors in HD models [4, 6]. 
The striatal-enriched transcription factor COUP-TF-
interacting protein 2 is depleted in the striatum of HD 
patients [53]. Interestingly, COUP-TF can inhibit Tf 

Fig. 6  mHTT increases the protein levels of Tf, TfR and ferritin. a1–c1 Tf, TfR, and ferritin protein expressions were detected by Western blotting both 
in TG mice brain (a1 cortex; b1 striatum) and in 160Q HEK293 cells at 48 h or 72 h after transfection (c1). a2–c2 Quantitative representation of Tf, TfR, 
and ferritin band intensity normalized to GAPDH. Tf, TfR, and ferritin protein levels are increased both in the cortex and striatum of TG mice and in 
160Q HEK293 cells compared to controls. n = 4. *p < 0.05 compared to WT mice, or 20Q HEK293 cells
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gene transcription [52]. In addition, the expression of 
many important heme-based mitochondrial respiratory 
chain complexes and Fe-S enzymes are altered in HD 
striatum [54, 55]. Overall, mHtt appears to have mul-
tiple toxic gain-of-function properties that could con-
tribute to HD pathogenesis [56]. Thus, it appears likely 
that mHTT affects IRP1 and Tf expression by way of 
disturbing transcription, which needs further investiga-
tion. The exact mechanism of the effect of mHTT on 
their activity remains to be fully elucidated.

Under physiologic conditions ferritin mRNA is 
actively translated to store excess iron in iron surfeit. 
Here, we found that ferritin was elevated both in the 

N171-82Q brain and in 160Q HEK293 cells. The result 
accords with a previous report that ferritin appeared to 
be increased in the striatum of early grade HD patients 
[57, 58]. By grade 2 of HD, ferritin staining was also 
increased in cortex [57]. Ferritin, having a key func-
tion in antioxidant activity, keeps ROS to a minimum 
by sequestering toxic reagents. Consequently, increased 
ferritin might be corresponding response to overloaded 
iron in HD and protect cells from oxidative stress 
caused by mHTT. Taken together, increased ferritin 
could also serve as a protective response against iron 
deposition in HD. Further investigation about its role in 
HD should be performed.

Fig. 7  mHTT increases the mRNA levels of Tf, TfR and ferritin. a1–c1 Tf, TfR, and ferritin mRNA levels were detected by RT-PCR both in TG mice 
brain (a1 cortex; b1 striatum) and in 160Q HEK293 cells at 72 h after transfection (c1). a2–c2 Quantitative representation of Tf, TfR, and ferritin band 
intensity normalized to β-actin. Tf, TfR, and ferritin mRNA levels are increased both in the cortex and striatum of TG mice and in 160Q HEK293 cells 
compared to controls. n = 4. *p < 0.05 compared to WT mice, or 20Q HEK293 cells
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In conclusion, our data indicate that mHTT upregu-
lates the expression of iron regulatory proteins includ-
ing IRP1, Tf and TfR, which may be one important 
factor contributing to iron accumulation in HD. These 
findings could provide a pharmacological strategy 
to inhibit the expression of IRP1 in the brain for HD 
treatment.
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